Vesicular-arbuscular mycorrhizae (VAM) are present in most terrestrial ecosystems and play a major role in community structure and function. However, their role in primary succession remains poorly understood. Two greenhouse studies examined the role of VAM in Mount St. Helens pioneer species under three nutrient regimes and four competitive scenarios. Nutrient levels were complete, complete without phosphorus (-P), and tap water (very low nutrient levels). In tap water a negative effect from VAM colonization was observed perhaps due to parasitic action of the VAM fungi. A weak but apparent benefit from VAM occurred in the -P treatment since plants in the -P treatment were usually not less in biomass than those in the complete nutrient treatment and VAM colonization levels were greater in the -P treatment. VAM colonization was more beneficial to plants under the complete nutrient treatment than under the tap water treatment. VAM assisted the facultatively mycotrophic Hypochaeris radicata in competition with the non-mycotrophic Carex mertensii. Lack of VAM improved the competitive ability of Carex mertensii when in competition with facultatively mycotrophic species. However, VAM did not significantly influence competitive outcomes between facultatively mycotrophic species.
. Percent VAM colonization under three fertilizer treatments. Comparisons were by the nonparametric Kruskal-Wallis test with chi-square correction for ties with P indicating significance. Different superscripts show mycorrhizal levels that differ at a = 0.05 based on the nonparametric variant of Tukey's honestly significant difference test (mean + standard deviation, n= 12).
Species
Nutrient addition levels (Johnson et al. 1991) . Studies of competition between early and late seral species have generally shown that late seral species exhibit both greater response to mycorrhizal colonization and greater competitive ability with mycorrhizal colonization (Allen and Allen 1990). We conducted two experiments under greenhouse conditions: Experiment I tested for interactions between mycorrhizae and nutrient levels among common pioneer species that are found on the Pumice Plain of Mount St. Helens. The hypotheses were as follows: H0: Levels of mycorrhizal colonization of host plants do not differ at different soil nutrient levels, and Ho: Non-mycotrophic and facultatively mycotrophic species do not differ in their response to mycorrhizal inoculum at different soil nutrient levels. Experiment II tested how VAM might affect competitive outcomes between four pioneer species. The hypotheses for this experiment were Ho: Mycorrhizal colonization levels of host plants do not change with increased number of competitors or with competitor species, and Ho: Nonmycotrophic and facultatively mycotrophic species differ in their competitive relationships with other species depending upon the presence or absence of VAM fungal inoculum. Meadow soil (14.6 + 13.9 spores per 100 ml soil, determined to be Glomus macrocarpum ( Table 3a . Percent VAM colonization under four competitive regimes with four competitors. Data were from the mycorrhizal addition portion of the mycorrhizal treatment only (mean + standard deviation, n = 5). See Table 3b for statistical analysis. Carex is not included as a target species due to lack of mycorrhizal colonization. (Zar 1984 , Norusis 1993 ). Post-hoc tests were conducted by using the nonparametric variant of the Tukey's honestly significant difference test (Zar 1984: p. 199 ). The root:shoot ratio was determined using the biomass of each. Root, shoot, and total dry biomass and the root:shoot ratio of mycorrhizal and non-mycorrhizal treatments were compared by two-way ANOVA. Biomass and ratios were log transformed to improve normality and homoscedasticity. Posthoc comparisons were conducted using Tukey's honestly significant difference test (Zar 1984 , Norusis 1993 ). Due to the paucity of reproductive individuals, flowers were included with total aboveground biomass.
Experiment II For each treatment combination the relationship between plant performance and neighbor density was examined using linear regression for each biomass measure of target plant performance. The relationship between target plant biomass and neighbor density varied among treatments and were nonlinear (negative exponential) because as the number of neighbors increased, they compete more intensely with one another and their per-individual effect on the target plant decreases. Therefore, log transformation of the target plant biomass produced linear relationships and homoscedastic variances. Hartnett et al. (1993) found that using either number of neighbors or total neighbor biomass as the independent variable yielded the same results; in this analysis we used the number of neighbors.
Competition coefficients for each of the seven species growing in competition in each treatment combination were calculated as the slope of the regression of log target plant biomass against number of individuals of the neighbor species. Regression parameters were compared between mycorrhizal and non-mycorrhizal treatments using analysis of covariance. Significant differences in slopes indicate that mycorrhizae have altered competitive relationships (Goldberg and Scheiner 1993, Hartnett et al. 1993).
Results

Experiment I
Mycorrhizal colonization Benomyl effectively suppressed mycorrhizal colonization in the non-mycorrhizal treatments. In the mycorrhizal treatments, Carex was not colonized (Table 1) . For E. angustifolium, E. brachycarpum, and Hypochaeris, the -P treatment had significantly higher VAM colonization levels. Interactions occur due to a differential response to the presence of mycorrhizae across nutrient input levels (Zar 1984) . Interactions occurred in Hypochaeris and Penstemon because biomass was greater under mycorrhizal conditions for the complete fertilizer and -P treatments, but biomass was lower in the tap water treatment under mycorrhizal conditions than under non-mycorrhizal conditions. This effect implies a beneficial mycorrhizal effect with nutrient additions and a negative effect at low nutrient levels. The interaction for Hieracium illustrated a different effect, that is, biomass was greater in the tap water treatment and lower in the -P treatment under mycorrhizal conditions than under nonmycorrhizal conditions.
Experiment II
Mycorrhizal colonization
Plants in the non-mycorrhizal treatment lacked VAM. In the mycorrhizal treatment, all plants were VAM except for Carex (Table 3a, b) . VAM colonization in Anaphalis was influenced by the identity, but not by the density of neighbor species. VAM colonization of Anaphalis was least in competition with the non-VAM species Carex and greatest in competition with Hypochaeris. For E. angustifolium, VAM colonization was greatest when in competition with Anaphalis and decreased with increased neighbor density. There was also a strong interaction between neighbor species identity and density. Hypochaeris showed significant differences in VAM colonization level in relation to both identity and density of neighbor species. VAM colonization levels were lowest when in competition with conspecifics, and pots with single Hypochaeris plants had significantly greater VAM colonization levels than those in which Hypochaeris plants were subjected to competition.
Biomass
As in experiment I only the results for total biomass are described here. Significant biomass decreases with increasing neighbor density were observed for all species (Tables 4 and 5 Mycorrhizal Anaphalis plants were larger than nonmycorrhizal plants when in competition with Carex (Fig. 2B) . In addition, when Anaphalis plants were in competition with Carex under mycorrhizal conditions, biomass decreased significantly with increased Carex density. However, under non-mycorrhizal conditions there was no significant competitive effect, i.e., slope = 0. Thus there was competition under mycorrhizal conditions, but not under non-mycorrhizal conditions. However, the competitive intensity was not significantly different between the two treatments. An opposite trend occurred when Anaphalis was in competition with E. angustifolium (Fig. 2C) . That is, the slope was steeper under non-mycorrhizal conditions than under mycorrhizal conditions, meaning that competition was more intense without mycorrhizae.
When Carex was in competition with Hypochaeris, plants in the non-mycorrhizal treatment were significantly greater in biomass (Fig. 3D) . In addition, the slope was 0, indicating no competitive effects. Under mycorrhizal conditions with Hypochaeris, biomass decreased significantly with increased neighbor number. The difference in competitive intensity was not significant at p = 0.08. However, this low value of p is suggestive that competition may be more intense under mycorrhizal conditions and that non-mycorrhizal Hypochaeris plants were less competitive. When Carex Table 4 . ANOVA tables for log biomass under four competitive regimes with four competitor species. Post-hoc shows the results of Tukey's honestly significant difference test at a = 0.5 (n = 5). Inoculated = pots with soil containing mycorrhizal propagules added. Not inoculated = pots with sterilized soil added and mycorrhizal activity inhibited by benomyl. Density of neighbors: 1 = 0 neighbors, 2 = 2 neighbors, 3 =4 neighbors, 4 = 8 neighbors. Mycorrhizae treatment: 1 = soil with VAM propagules added, 2 = sterilized soil added. was competing intraspecifically, with Anaphalis and with E. angustifolium, slopes of both mycorrhizal and non-mycorrhizal treatments were significant and the slopes did not differ (Fig. 3A-C) . Constants showed a significant negative mycorrhizal effect, i.e., when grown singly Carex plants were greater in biomass under non-mycorrhizal conditions (Table 5) . Epilobium angustifolium biomass was greater for non-mycorrhizal treatment plants, except when in competition with Carex (Fig. 4A-D) . Slopes of E. angustifolium competing intraspecifically and with Anaphalis, Carex and Hypochaeris were significant under both mycorrhizal and non-mycorrhizal treatments. The slopes were not significantly different. Thus, E. angustifolium plants were larger when non-mycorrhizal but the intensity of competition did not change with mycorrhizal status.
In all cases, the mycorrhizal Hypochaeris plants were larger than the non-mycorrhizal plants (Fig. 5A-D) . When Hypochaeris was subjected to competition with Carex, both the mycorrhizal and non-mycorrhizal slopes were significant (Fig. 5B) . Total biomass de- 
Discussion
Experiment I VAM colonization levels were higher at lower nutrient levels for most species. Due to the smaller size of the roots in the tap water treatment the percent total root examined was much greater than in the fertilization treatments. Thus, the absolute quantity of VAM fungi was probably much less. In any case, the evidence supports the hypothesis that on per unit of root basis the colonization density does not remain constant across nutrient levels (Sparling and Tinker 1978).
Hetrick et al. (1986)
found that VAM fungi are suppressed in non-sterile soil. From this evidence they concluded that presumed benefits from VAM as measured in sterilized soils were overestimated. This supports the hypothesis that applying benomyl to the non-mycorrhizal treatment underestimates VAM benefit, because the pathogens are eliminated from the non-mycorrhizal treatment but not from the mycorrhizal treatment (Carey et al. 1992) . In this experiment, VAM fungal propagules were added to Pumice Plain soil in the form of non-sterile Bear Meadow soil possibly containing fungal pathogens, and the non-mycorrhizal treatment had potential fungal pathogens eliminated. Therefore, the presence of pathogenic fungi may lead to an underestimate of mycorrhizal benefit. However, the roots examined contain no signs of fungi other than VAM.
As expected, fertilization generally increased plant biomass. Two exceptions of this were: the lack of a significant difference for Hypochaeris between -P and complete fertilizer treatments, and significantly greater biomass Carex plants in the -P treatment. These species appear to be adapted to low phosphorus environments (Turkington and Aarssen 1983).
Significant increases in biomass in VAM over non-VAM plants were observed in E. brachycarpum and Penstemon. Epilobium brachycarpum is a rapid growing facultatively mycotrophic annual of disturbed environments. Such growth forms are not expected to respond to mycorrhizal colonization ( The absence of a significant positive biomass response to the mycorrhizal treatment for most species is consistent with the facultatively mycotrophic nature of these species. It is possible that nutrient levels were not high enough for mycorrhizal mutualism to benefit the host. At very low nutrient levels, the VAM symbiosis can be parasitic on mycotrophic plants (Koide and Elliott 1989). However, most species showed non-significant increased biomass with VAM. The exceptions, Hypochaeris and Penstemon, occurred in tap water where biomass was less under mycorrhizal conditions than under non-mycorrhizal conditions. The significant interaction effects seen in these two species imply a possible parasitic effect by mycorrhizae at low nutrient levels.
The trend observed for most of the species was for the maximum benefit from VAM to occur in the -P treatment. This is in accordance with many mycorrhizal models, i.e., the mycorrhizal effect is greatest under low phosphorus conditions (e.g., Smith et al. 1986, Mullen and Schmidt 1993) . Phosphorus is the principal benefit plants receive from the mycorrhizal mutualism, therefore increased biomass in low phosphorus environments appears to be due to the fungi supplying the nutrient to the plant. No negative effects by VAM propagules on Carex biomass was observed. In other studies negative impacts of VAM on non-mycotrophic species have been found (Allen et al. 1989 ). Propagule densities may be too low in Bear Meadow soil or VAM fungus species from Bear Meadows are not as aggressive as those in which a negative effect by VAM on non-mycotrophic species was observed.
At the conclusion of both experiments plants were small due to nutrient poor conditions. In comparing the -P treatment in the two experiments (that is, plants with no competitors in the competition experiment), plants were greater in biomass in the nutrient addition experiment than in the competition experiment. Why this occurred is unknown since the greater length of the nutrient addition experiment was insufficient to provide for such a difference.
In a field experiment conducted on the Pumice Plain using these same species, biomass trends between mycorrhizal and non-mycorrhizal treatments were towards greater biomass plants in the non-mycorrhizal treatment, the opposite of this greenhouse experiment (Titus and del Moral 1998). A negative or parasitic response to mycorrhizal colonization in the field and not in the greenhouse by facultatively mycotrophic species may be due to several environmental factors (e.g., Hattingh et symbiosis than others. Thus, a hierarchy of increasing mycorrhizal dependence (or decrease in parasitic relationship) is seen here. Carex was the least mycotrophic species, as evidenced by greater biomass and greater competitiveness under non-mycorrhizal conditions. Epilobium angustifolium is facultatively mycotrophic and had greater biomass under non-mycorrhizal conditions. Anaphalis had greater biomass under mycorrhizal conditions than under non-mycorrhizal conditions. Hypochaeris had greater biomass and was more competitive under mycorrhizal conditions. The significant effect on competitive intensity between Hypochaeris and Carex illustrates the difference in competition between the species at opposite ends of the hierarchy. VAM, therefore, can have a significant effect on competition between facultative and non-mycotrophic species at low nutrient levels. VAM may be one of many interacting factors determining competitive dominance and species change over successional time.
Target species responded differently to VAM colonization under varying competitive scenarios. Anaphalis had the lowest colonization when in competition with the non-mycotrophic Carex and highest with Hypochaeris. This supports the idea of greater colonization by VAM A.
-v.lj fungi when more mycotrophic hosts are available (Hartnett et al. 1993 (1993) found that mycorrhizae were beneficial to a mycotrophic species at low densities, but increased competitive effects of high neighbor densities overrode the mycorrhizal effect. As succession proceeds, changes in plant densities and neighbor identity will influence the effects of VAM on the host plant.
Conclusion
In general, at very low nutrient levels the role of VAM is negligible. As nutrients increase, a positive effect of VAM is observed and the difference in biomass between mycorrhizal and non-mycorrhizal plants increases. These results imply that as soil amelioration continues on the Pumice Plain, VAM will assume a more important role in plant growth for some facultatively mycotrophic species. However, as VAM fungal propagules enter the environment, pathogenic fungi are bound to increase as well making the positive effect of VAM on plant growth difficult to assess. When Hypochaeris competes with Carex, the presence of mycorrhizae changes competitive intensity. In the field, however, it is unlikely that competitive dominance is dependent solely upon mycorrhizal associations. Mycorrhizae probably interact in important ways with other factors. As primary succession proceeds the role of VAM in the mediation of competitive outcomes is predicted to increase.
The mycorrhizal mutualism is an intensive investment for a plant. At this early stage in primary succession on Mount St. Helens with nutrients levels still low, there are no strongly evident VAM effects that can be derived from this greenhouse experiment. VAM effects are weak and contingent on at least neighbor identity and density and soil nutrient availability. As yet VAM are unlikely to alter species competitive outcomes or survival of individuals in the field.
